Summary. The metabolism of human spermatozoa has been studied using concentrated suspensions of washed cells incubated with radioactive substrates in small Warburg flasks, enabling the oxygen uptake to be measured accurately.
INTRODUCTION
While there is abundant literature on the metabolic behaviour of the sperma¬ tozoa of several mammalian species, work on human spermatozoa is rather sparse. This has been mainly due to the low density of spermatozoa in the human ejaculate which makes it difficult to make an accurate estimate of metabolic activity. Ross, Miller & Kurzrok (1941) and MacLeod (1941) have shown that the oxygen consumption of human semen is predominantly associated with the seminal plasma and some workers have doubted the existence of true respiratory activity in human spermatozoa (MacLeod, 1943 (MacLeod, , 1956 MacLeod & Freund, 1958) . On the other hand, MacLeod (1943) and Mann (1951) have shown that human spermatozoa possess components of the cytochrome oxidase system and the latter author suggests that their metabolic pattern is essentially similar to that of other mammalian spermatozoa. The work of Terner (1960) and Nevo (1966) indicates the existence of an actively functioning oxidative system in human spermatozoa and Rothschild (1960) suggests that the use of phosphate buffer in manometric experiments has contributed to the belief that human spermatozoa do not respire. (2) pH 7-0; phosphate: 0-092 M-NaCl,0-005m-KCI, 0-001 M-MgS04 . 7H20, 0-025 M-tris, 0-023 m-HCI, 0-012 M-Na2HP04 . 12H20, 0-008 M-NaH2P04 . 2H20.
(3) pH 8-5; no (Umbreit, Burris & Stauffer, 1959) .
All diluents contained penicillin and streptomycin sulphate (0-5 mg of each /ml of diluent).
Radio-active chemicals
These were obtained from the Radiochemical Centre, Amersham, England, and were added separately to the diluents to give the desired concentration and radio-activity. The radio-activity of the substrates was checked in a liquid scintillation counter (Nuclear Chicago).
Preparation of spermatozoal suspensions
Ejaculates were pooled and the spermatozoa washed by diluting the semen with 3 volumes of diluent and centrifuging for 10 min at 400 g. After aspirating off all the supernatant, the spermatozoa were washed again and diluted to the appropriate volume with the diluent used for washing. Incubation of seminal plasma and spermatozoa Cell-free seminal plasma (1 ml), as in Exp. 1, or suspensions of washed spermatozoa (0-5 ml) plus 0-5 ml of substrate, as in subsequent experiments, were incubated at 37°C in 6 ml Warburg flasks containing C02-free 20% (w/v) KOH A portion (1 ml) of spermatozoal suspensions before incubation and of the flask contents after incubation were deproteinized with 0-3 Ba(OH)2 (0-5 ml) and 5% (w/v) ZnS04 . 7H20 (0-5 ml) and glucose, fructose and lactate estimated in the filtrates. Counts of spermatozoa were made in duplicate and all values expressed on a 108 cells basis over the experimental period. The final spermatozoal concentrations were 1-5 to 3-0 108/ml.
Analytical methods
Lactate was determined by the enzymic method of Barker & Britton (1957) and glucose by glucose oxidase (Huggett & Nixon, 1956 ). Fructose was estimated by the method of Mann (1948) with an incubation period of 20 min for colour development (White, 1959) . The amount of substrate utilized was calculated from the amounts in the flask at the start and end of experiments.
Assay of radio-activity
The 14C02 absorbed in the centre well, and removed from there by washing, was precipitated as Ba14C03 in the presence of 5% ammonium chloride. The Ba14C03 was collected by filtration on Whatman No. 542 paper as described by Annison & White (1961) and assayed for radio-activity with an end-window Geiger-Müller tube. The counts were corrected for self-absorption by the method of Hendler (1959) .
Statistical analyses
The statistical significance of the results has been assessed by analyses of variance and the residual mean square is given in italics at the base of the variance ratio columns in the tables.
In some experiments the significance of difference between treatments has been assessed by a ¿-test using the interaction mean square from the analysis of variance to determine standard error (S.E.) of differences between means as presented in these tables.
Where comparisons to be made between the oxidation of labelled substrates could not be decided in advance of performing the experiment (Table 4) , the multiple-range test (Duncan, 1955) the oxygen uptake of human seminal plasma (9-2 µ /ml/hr) is more than twice that of the bull (4-6 µ /ml/hr). Experiment 6. Effect of bicarbonate on the metabolism of glucose Sodium bicarbonate (6-00 tra) slightly increased the oxygen uptake of human spermatozoa but had no significant effect on glycolytic activity (Table 5 ).
DISCUSSION
Our estimate of the pH of freshly ejaculated human semen using a glass electrode agrees with previous published data (Schuermann & Doepfmer, 1960; Mann, 1964; Raboch & Skachova, 1965 The high oxygen uptake of human seminal plasma compared to that of the bull may be accounted for by the presence of a spermine-diamine oxidase system in human seminal plasma (Zeller, 1941) . At all events, spermine occurs in high concentrations in human semen (Mann, 1964) (Dott & White, 1964; Wales & O'Shea, 1966; Murdoch & White, 1966b) .
Human spermatozoa clearly oxidize glucose more readily than acetate (Terner, 1960; Minassian & Temer, 1966) and fall into the pattern of other non-ruminant spermatozoa (e.g. dog and rabbit) in this respect (Scott, White & Annison, 1962; Murdoch & White, 1966a) . Human spermatozoa, like those of other mammalian species (Mann & White, 1956 , 1957 White, 1957; O'Shea & Wales, 1965) , also have the ability to oxidize sorbitol which is present in semen and is metabolized via the glycolytic cycle after conversion to fructose (King & Mann, 1959; O'Shea & Wales, 1965 White & MacLeod, 1963) . Ram and bull spermatozoa are also able to oxidize glycerol (White, Blackshaw & Emmens, 1954; O'Dell, Flipse & Almquist, 1956; Mann & White, 1956 , 1957 White, 1957) but it seems unlikely that the protective action of glycerol at low tempera¬ tures is dependent upon its metabolism by spermatozoa.
The stimulating effect ofbicarbonate on the respiration ofhuman spermatozoa confirms the work of Hamner & Williams (1964) (Hamner & Williams, 1964; unpublished data) and the former authors suggest that the stimulation is due to an increase in the concentration of Krebs-cycle intermediates.
Since the addition of exogenous substrates such as glucose, fructose and acetate failed to increase the oxygen uptake of human spermatozoa above the control, these substances must cause a decrease in the oxidation of endogenous substrate in the spermatozoa, as has been observed in the ram and bull (Scott, White & Annison, 1962) . The nature of the endogenous substrate in human spermatozoa is not known with any certainty but is most likely phospholipid.
It is concluded that, in general, the metabolic behaviour of human sperm¬ atozoa in vitro resembles that of other mammalian species although there may be some quantitative differences.
